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Abstract
This paper describes numerical modeling and analysis of wind turbines with high-pressure hydraulic transmission machinery. A
dynamic model of the hydraulic system is developed and coupled with the aeroelastic code HAWC2 through external Dynamic Link
Library. The hydraulic transmission system consists of a hydraulic pump, transportation pipelines, a hydraulic motor, and check
valves. Using the Runge-Kutta-Fehlberg method with step size and error control, we solved the Ordinary Diﬀerential Equations of
the hydraulic system in the time domain with time steps smaller than the one used in the HAWC2 main program. The numerical
approach is eﬃcient and robust. Under constant and turbulent wind conditions, the performances of a land-based turbine during
normal operation are presented.
c© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
The wind industry has been growing with fast pace and moving oﬀshore in recent years. It faces challenges yet to
improve reliability and cut costs. Drivetrain is a crucial component. Operational experience reveals that the gearboxes
of modern electrical utility wind turbines at the megawatt (MW) level of rated power are their weakest-link-in-the-
chain component [1]. The design of drivetrain may have a huge impact on the future success of wind industry. There
are three dominant technologies on the market today: high-speed, medium-speed, and direct-drive drivetrains. The
conventional high-speed geared drivetrains appear to be gradually replaced by the medium-speed geared and direct-
drive gearless drivetrains in many new wind turbines with sizes greater than 3 MW.
Hydraulics oﬀers an alternative to existing drivetrain concepts. Hydraulic systems have been used and modeled by
researchers [2,3] in wave energy devices such as the heaving buoy, which converts the oscillating motion of the buoy
into the ﬂow of a liquid with a high pressure. The high-pressure ﬂow ﬁnally drives an electric generator, transforming
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Fig. 1: Schematic of a wind turbine with hydraulic transmission systems
wave energy into electrical energy. Wind turbines with hydraulic transmission systems could potentially be lighter,
more reliable and less expensive than those ﬁelded today. The basic concept of hydraulic transmissions is that the
turbine drives a hydraulic pump connected to the shaft. The hydraulic ﬂuid ﬂows through pipes to a hydraulic motor,
which is mounted on the ground to drive the generator, as shown in Fig. 1. Such arrangement would eliminate the
need for mechanical gearboxes and reduce the weight of the nacelle, which is beneﬁcial to the design of ﬂoating wind
turbines in particular. The use of variable displacement motors allows for a continuously variable transmission ratio
[4,5]. Therefore, the rotational speed of the motor shaft is controlled. Moreover, most maintenance activities could
take place at ground level. All these advantages are of particular interest to oﬀshore wind farms where access for
maintenance, repair, and overhaul is limited and expensive.
Regardless of the potential advantages of hydraulic wind turbines, there has been limited work so far [4–8], and
today’s hydraulic components have not been scaled up to handle the loads of multimegawatt turbines yet [9]. The
‘Artemis’ technology is among the few that are being commercialized today [10,11]. The status quo may be due to
the complicated design process involved, because hydraulic transmission system could be less eﬃcient than an elec-
tromechanical system from a power conversion point of view [7]. The modeling of a hydraulic wind turbine is similar
to that of a hydraulic wave energy converter. Skaare et al. [7] proposed a simple, robust and highly eﬃcient hydraulic
transmission system for wind turbines based on ﬁxed displacement radial piston hydraulic machines. Dynamic analy-
ses and control system design were also performed for the proposed system [7]. Wind turbines operate under complex
environmental conditions, and numerical simulations are needed to understand the behavior of the system. The current
work, which is a part of the EU Marina platform project, presents an approach for carrying out numerical simulations
for hydraulic wind turbines. We describe the mathematical models in Section 2 and explain the numerical approach in
Section 3. The numerical approach relates to the coupled model of the hydraulic transmission system and the global
aeroelastic wind turbine model in HAWC2. Simulation results of a 5 MW land-based wind turbine are provided in
Section 4.
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Fig. 2: Sketch of the hydraulic transmission system
2. Modeling of the Hydraulic Tranmission System
Fig. 2 provides an overview of the hydraulic system considered. The symbols are associated with equations and
will be explained below. The current system consists of a ﬁxed displacement radial piston hydraulic pump, a ﬁxed
displacement axial piston motor and a variable-speed induction generator. Mathematical models of each subsystem
will be presented in this section.
2.1. Pump
Under isothermic conditions, the following mass balance law can be established for a volume V of liquid with an
eﬀective bulk modulus β [12]
d
dt
(ρV) = win − wout (1)
Here, win = ρQin and wout = ρQout are the mass ﬂows into and out of the volume of the pump with the volumetric
ﬂuid ﬂow rates Qin and Qout respectively.
Based on Eq.(1), the dynamic model for the high-pressure hydraulic volume of the pump is given by
Vp
β
P˙p + V˙p = −Qip(Pp − Plow) − QepPp − Qp (2)
where Vp is the volume on the high-pressure side of the pump, Pp and Plow are the pump pressures on the high-pressure
and low-pressure side, respectively, and the overhead dot represents the time derivative. Qip is the function for internal
leakage, and Qep for external leakage. Qp is the outlet ﬂow rate from the pump. Because of the compression of the
pistons, V˙p can be expressed as
V˙p = −Dpωp (3)
where Dp is the pump displacement. Neglect the elasticity of the rotor-pump shaft, and ωp in Eq.(3) can be substituted
by the rotor speed ωt. With this in regard, we can rearrange Eq.(2) as
P˙p =
β
Vp
[ωtDp − Qip(Pp − Plow) − QepPp − Qp] (4)
Further, if we apply Newton’s second law, the following dynamic model for the pump shaft can be found
Jpω˙t = ηTt −Cpωp − Dp(Pp − Plow) (5)
where Jp denotes the moment of inertia of the hydraulic pump, η is the mechanical eﬃciency, Tt is the shaft torque,
and Cp is the viscous damping coeﬃcient. Here, we neglect the viscous damping Cp=0, assume ideal eﬃciency η=1,
and express the shaft torque as
Tt = Jpω˙t + Dp(Pp − Plow) (6)
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2.2. Transmission Line
Consider a single line with length L and inner radius r. Based on the principle of mass balance and momentum
balance, and assuming that the pipeline is rigid, the pressure wave propagation of the laminar ﬂow can be described
by two one-dimensional partial diﬀerential equations in terms of ﬂuid pressure, P, and ﬂuid ﬂow rate, Q [12]
∂P(x, t)
∂t
+
ρa2
Apipe
∂Q(x, t)
∂x
=
ρa2
Apipe
S Q(x, t) (7)
∂Q(x, t)
∂t
+
Apipe
ρ
∂P(x, t)
∂x
=
F(x, t)
ρ
(8)
where x denotes the length coordinate along the pipe, Apipe is the inner cross section area of the pipe, ρ is the ﬂuid
density, a is the acoustic velocity, F(x, t) is any externally applied force per length and S Q(x, t) represents the volume
ﬂow into the pipe per length. In order to ﬁnd time-domain solutions to Eqs. (7)–(8), there are diﬀerent approaches,
such as the rational transfer function (RTF) method and the separation of variables (SOV) technique [13].
Using the RTF method and bond graph techniques, the hydraulic pipeline models can be represented as a number
of normal modes considering two-dimensional ﬂuid friction eﬀects [14]. The ﬁrst-order and second-order modes are
[
Q˙p0
Q˙m0
]
= ωc
[
A0
[
Qp0
Qm0
]
+ B0
[
Pp
Pm
] ]
(9)
[
Q˙p1
Q˙m1
]
= ωc
[
A1
[
Qp1
Qm1
]
+ B1
[
Pp
Pm
] ]
(10)
Using the dissipative friction model, the coeﬃcient matrices are given by
A0 =
[−8 0
0 −8
]
, B0 =
1
Z0Dn
[
1 −1
1 −1
]
, A1 =
⎡⎢⎢⎢⎢⎢⎣0
−ω21
D2n
1 − 1Dn
⎤⎥⎥⎥⎥⎥⎦ , B1 = 2Z0Dn
[
0 0
1 1
]
(11)
where ω1 is the natural frequency of the ﬁrst mode, and 1 is the dissipative friction coeﬃcient. The viscosity
frequency, ωc, dissipation number, Dn, line impedance constant Z0 are deﬁned, respectively, as follows
ωc =
ν0
r2pipe
, Dn =
Lpipeν0
ar2pipe
, Z0 =
ρa
Apipe
(12)
where ν0 is the ﬂuid kinematic viscosity, rpipe and Lpipe are the inner radius and length of the pipe, respectively.
2.3. Motor
Similar to the hydraulic pump model, the dynamic model of the hydraulic motor can be derived based on the
volume balance form
P˙m =
β
Vm
[Qm − Qim(Pm − Plow) − QemPm − Dmωg] (13)
where Dm is the motor displacement, ωm and ωg are the motor and generator speed.
2.4. Check Valves
Check valves are used to control the direction of the ﬂuid ﬂow. The volume ﬂow qv can be calculated by the oriﬁce
equation derived from Bernoulli’s energy equation for an incompressible ﬂow
qv =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
CdAv
√
2
ρ
(Pp − Pm), if Pp>Pm
0, if Pp ≤ Pm
(14)
where Cd is the discharged coeﬃcient and Av is the cross section area of the valves.
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Table 1: Parameters of the hydraulic transmission system
Variable Description Value
Jt Moment of inertia of hydraulic pump 5140 kgm2
Jm Moment of inertia of hydraulic motor 138 kgm2
Jg Moment of inertia of generator 1.28 kgm4
Dp Displacement of hydraulic pump 0.2 m3rad−1
Dm Displacement of hydraulic motor 2.06 · 10−3 m3rad−1
V2p Pump volume on the high-pressure side 0.045 m3
V1m Motor volume on the high-pressure side 0.01 m3
Plow Standard atmospheric pressure 1.0 · 105 Pa
Qip Coeﬃcient for internal pump leakage 1.12 · 10−10 Pas−1
Qep Coeﬃcient for external pump leakage 5.6 · 10−11 Pas−1
Qim Coeﬃcient for internal motor leakage 9.1 · 10−11 Pas−1
Qem Coeﬃcient for external motor leakage 4.6 · 10−11 Pas−1
rpipe Inner radius of the transmission line 0.14 m
Lpipe Length of the transmission line 100 m
ρ Density of hydraulic oil 865 kgm−3
β Bulk modulus of hydraulic oil 1.0 · 109 Pa
ν0 Fluid kinematic viscosity 6 · 10−5 m2/s
a Acoustic velocity 1075.2 m/s
Cp Viscous damping coeﬃcient of pump shaft 0 Nmsrad−1
Cm Viscous damping coeﬃcient of motor shaft 0 Nmsrad−1
Cd Discharged coeﬃcient of check valves 0.9
Av Cross section area of check valves 0.06 m2
2.5. Variable-speed Generator
The generator torque proﬁle is based on tabulated torque-versus-speed curve for the NREL 5 MW turbine [15].
For the motor-generator subsystem, Newton’s second law is still valid, yielding the following relationship
ω˙g =
1
Jm + Jg
[DmPm −Cmωg − Tg] (15)
where ωg is the generator speed, Jm and Jg are the moment of inertia of the motors and generator, Dm is the
displacement of motors, Cm is the viscous damping of the motor-generator shaft, and Tg is the generator torque.
2.6. Input parameters
The input parameters of the hydraulic system used in numerical simulations are summarized in Table 1. The values
about the hydraulic pump and motor are referred to [7].
3. Numerical Approach
A state-of-the-art aeroelastic code HAWC2 [16] was used for global response analysis of a land-based wind turbine.
The structural model in HAWC2 is based on multibody dynamics and Timoshenko beam elements are used to model
each ﬂexible body. By dividing the turbine structure into a number of coupled objects, large deﬂections and rotations
can be handled. When simulating wind turbines, users can control the rotor speed and blade pitch through the external
Dynamic Link Library (DLL). DLL provides a generalized interface, allowing for specifying external loading or
controlled action, as demonstrated by [17,18]. It is also used for coupling the hydraulic model into HAWC2.
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Fig. 3: Flowchart of the numerical procedure used in DLL
3.1. Simulation Architecture
Fig. 3 diagrams the numerical procedure implemented in DLL. Upon each call between HAWC2 and DLL, two
functionalities are handled in parallel: 1) updating the blade pitch angle βpitch 2) computing the main shaft torque Tt.
Assuming that the main-shaft speed can be measured, collective blade pitch commands are computed using
proportional-integral (PI) control on the shaft speed error [15]. The current rotor speed, ωr, and the blade pitch,
βpitch old are used in the PI control.
Tt is another variable that is returned to the HAWC2 core. In order to calculate Tt, the hydraulic transmission
Ordinary Diﬀerential Equations (ODEs), (Eqs.(4), (6), (9), (10), (15)), expressed in state space forms, must be solved
beforehand.
3.2. Solving the Hydraulic Ordinary Diﬀerential Equations (ODEs)
Because of the nature of the hydraulic system, we need very ﬁne time steps (h in the order of 10−6 second) to solve
the ODEs. In contrast, the HAWC2 main program only needs a coarse time step (Δt in the order of 10−2 second) to
obtain accurate solutions. Additionally, it would be computationally costly to set a very ﬁne time step in the HAWC2
main program, and the computational time may escalate from 1 hour to several days. Therefore, we employed diﬀerent
time scales in this work: a large time step Δt=0.02 second in HAWC2, a user-speciﬁed time interval δt, and an optimal
step size h which varies in the RKF45 routine.
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When the HAWC2 core calls the DLL, the rotor speed and the time interval in HAWC2 are discretized ﬁrst. A
number of initial value problems (IVPs) occur for the hydraulic ODEs as the time marches. The initial values are ωr(i)
and the last updated Pp, Pm, Qp0, Qm0, Qp1, Qm1, and ωg. When a solution is achieved, the ODE solver advances the
solution over the next step, until tout is reached.
Generally, ODEs can be classiﬁed into two categories: nonstiﬀ and stiﬀ problems. Stiﬀness occurs when the
Jacobian matrix J has an eigenvalue whose real part is negative and large in magnitude compared to the reciprocal of
the time span of interest. Consequently, the solution is slowly varying with respect to the most negative real part of
the eigenvalues [19]. Stiﬀ problems call for backward diﬀerence schemes, because nonstiﬀ methods, such as Euler’s
method and Runge-Kutta methods, are usually ineﬃcient and unstable.
As the hydraulic IVPs faced are nonstiﬀ, we used the Runge-Kutta-Fehlberg (RKF45) method [20,21] to deal with
it. RKF45 is eﬃcient and accurate in that it has a procedure to determine the locally optimal step size h by local error
control. The following six values are used
k1 = h f (tk, yk)
k2 = h f (tk +
1
4
h, yk +
1
4
k1)
k3 = h f (tk +
3
8
h, yk +
3
32
k1 +
9
32
k2)
k4 = h f (tk +
12
13
h, yk +
1932
2197
k1 − 72002197k2 +
7296
2197
k3)
k5 = h f (tk + h, yk +
439
216
k1 − 8k2 + 3680513 k3 −
845
4104
k4)
k6 = h f (tk +
1
2
h, yk − 827k1 + 2k2 −
3544
2565
k3 +
1859
4104
k4) − 1140k5)
(16)
At each step h, two diﬀerent approximations (order 4 and order 5) for the solution are compared, see Eqs.(17)-(18).
If the two answers are in good agreement, the step size is reduced. If the answers agree to more signiﬁcant digits
than required, the step size is increased. The scale factor s is expressed as Eq.(19). The RKF45 routine reaches the
sixth-order accuracy at h and returns the ﬁfth-order solution approximation at t(i).
y4,k+1 = y4,k +
25
216
k1 +
1408
2565
k3 +
2197
4101
k4 − 15k5 (17)
y5,k+1 = y5,k +
16
135
k1 +
6656
12825
k3 +
28561
56430
k4 − 950k5 +
2
55
k6 (18)
s = (
tolh
2|y4,k+1 − y5,k+1| )
1/4 (19)
3.3. Computational Cost
Solving the ODEs at each time step in HAWC2 adds to the computational cost, but the computation is aﬀordable.
Consider a 10-min simulation which is usually required by international design standards for bottom-ﬁxed wind
turbines [22]. Under constant wind conditions, each simulation is equivalent in cost to approximately 30 min of
actual computational time using a server that is equipped with two Intel Xeon processors clocked at 3.0 GHz with a
theoretical performance of 24 FLOPS. Under turbulent wind conditions, the actual computational time increases to
50 min. Compared with the simulations with gear transmission, the hydraulic system increases the cost by about 10%
under constant wind conditions. Under turbulent wind conditions, 20–30% additional computational time is expected.
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Table 2: Selected properties of the land-based wind turbine
Rating 5 MW
Tower height above ground 87.6 m
Rotor diameter 126 m
Cut-in, rated, and cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s
First full-system natural frequency 0.32 Hz
Moment of inertia on the main shaft 5.02 · 106 kgm2
Table 3: Operational load cases used in the study
Uhub (m/s) T I
6 0, 0.27
8 0, 0.23
10 0, 0.21
11.4 0, 0.20
14 0, 0.18
18 0, 0.17
22 0, 0.16
4. Case Study
4.1. Wind Turbine Model
This study selected the NREL 5 MW land-based wind turbine as a representative. Some properties are listed in
Table 2. The ﬁrst full-system natural frequency was calculated by HAWC2. For the hydraulic turbine, there should
be no equivalent low-speed shaft generator inertia, because the generator is placed on the ground. However, we still
kept 10% of the original inertia for numerical stability reasons. Although the tower structure could be lighter, together
with the weight reduction of the nacelle, no eﬀort was made to perform a structural redesign.
4.2. Load Cases
We chose the design situations related to power production (DLC 1.1) [22]. In Table 3, Uhub is the 10-min hub-
height mean wind speed, and T I stands for turbulence intensity factor. The listed wind speeds span across the operat-
ing range of the turbine. We considered both constant and turbulent wind conditions. For the turbulent wind condition,
the normal turbulence model (NTM) was used. The turbulence intensity was calculated based on Wind Turbine Class
A (Ire f = 0.16), which corresponds to higher turbulence characteristics [22]. Each simulation lasted 800 seconds,
among which the ﬁrst 200 seconds was removed in the analysis to avoid startup transients.
4.3. Results and Discussions
In this section, the simulation results of the turbine incorporating the hydraulic system are presented.
4.3.1. Constant Wind Condition
Fig. 4 shows the performance of the hydraulic turbine under constant wind conditions. The numerical simulations
are stable, and the 5 MW turbine system has sound performance. The main shaft torque Tt from the current hydraulic
system reaches a balance with the external aerodynamic torque at all wind speeds. In Fig. 4(a), the generator power
is more than 96% of the aerodynamic power. The actual power produced could be lower, if a realistic mechanical
eﬃciency of the hydraulic system is considered. Above rated wind speed, the generator power, rotor speed, and pump
pressure approach constant values, indicating that the blade pitch control is taking eﬀect (Fig. 4(c)).
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(a) (b)
(c) (d)
Fig. 4: Performance of the hydraulic turbine, T I=0 (a) aerodynamic and generator power (b) rotor and generator speed (c) blade pitch angle (d)
pump pressure on the high-pressure side
4.3.2. Turbulent Wind Condition
Although the hydraulic turbine has good steady-state response characteristics, dynamic responses of the system
under turbulent wind are more important. Figs. 5–6 present the time series of selected variables above and below
rated wind speed. As shown, the numerical method is robust and the hydraulic system responds timely to the varying
aerodynamic loads. As shown in Figs. 5(a), there are signiﬁcant variations in the wind speed because of the high
turbulence level used. As a result, the pump pressure in particular experiences large ﬂuctuations (Fig. 5(d) and
Fig. 6(d)). The use of safety valve control may be beneﬁcial in damping the pressure oscillations [7].
5. Concluding Remarks
This study has presented a numerical approach for simulating hydraulic wind turbines. The aeroelastic code,
HAWC2, was employed to perform the dynamic responses of a 5 MW land-based wind turbine. We expressed
the hydraulic pump, motor, transmission line, and generator models as Ordinary Diﬀerential Equations. They were
implemented in the external Dynamic Link Library which communicated with the HAWC2 main program during
simulations. The Runge-Kutta-Fehlberg method with step size and error control was used to solve the diﬀerential
equations. We applied diﬀerent time steps in the numerical simulations: a larger time step in HAWC2, and adaptive
step sizes optimally chosen by the Runge-Kutta-Fehlberg method in the Dynamic Link Library.
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(a) (b)
(c) (d)
Fig. 5: Response time series at Uhub= 8 m/s, T I=0.23 (a) wind speed and rotor speed (b) generator power (c) aerodynamic thrust (d) pump
pressure on the high-pressure side
Simulation results show that the numerical approach is robust and eﬃcient. Compared with the simulations without
hydraulic systems, 10%–30% additional computational time may be expected. The hydraulic turbine has decent
performance under constant and turbulent wind conditions.
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